Abstract. Recently, several medical devices that use wireless communication are under development. In this paper, the small size frequency shift keying (FSK) transmitter and a monofilar antenna for the capsule endoscope, enabling the medical device to transmit VGA-size images of the intestine. To verify the functionality of the proposed wireless communication system, computer simulations and animal experiments were performed with the implemented capsule endoscope that includes the proposed wireless communication system. Several fundamental experiments are carried out using the implemented transmitter and antenna, and animal in-vivo experiments were performed to verify VGA image transmission.
Introduction
Recently, several types of wireless medical devices are under development. The key requirements of these devices are small size and low power consumption [1] . In addition, high-speed data transmission and low attenuation are required in wireless capsule endoscopy applications.
Various capsule endoscopes have been developed after the success of the M2A capsule (Given imaging, Israel) [2, 3] . Capsule endoscopy does not necessitate the administration of sedatives because it is a safe procedure that causes no pain. Unlike, conventional wired endoscopes, capsule endoscope allow the viewing of the entire small intestine [4] . Commercial capsule endoscopes include PillCam SB (Given imaging, Israel), EndoCapsule (Olympus, Japan), and MiroCam (IntroMedic, Korea). The communication method employed in a capsule endoscope is RF communication or human body communication. Because of the uncertainty regarding the safety of the human body communication method, the RF communication method is widely used. The image size that can be achieved with a com-mercial capsule endoscope is limited to less than 102,400 pixels. The reasons for this limitation of the image size are the limited data transmission speed and the attenuation of RF signals in the human body.
In this paper, a small-size frequency shift keying (FSK) transmitter and a monofilar antenna that can transmit VGA-size images of the intestine are designed and implemented for the capsule endoscope. To verify the functionality of the proposed wireless communication system, computer simulations and animal experiments were performed using the implemented capsule endoscope. The computer simulation software HFSS was used and the capsule endoscope that included the proposed transmitter and antenna was implemented for animal experiments.
Method
In the capsule endoscope, uncompressed data of a single VGA image (640×480 pixels) is 14.4 Mbits per frame. Therefore, the target data transmission rate was set as 20 Mbps in the proposed communication system for the capsule endoscope. To achieve 20 Mbps data transmission, careful selection of the communication frequency, transmitting power, system size, frequency interference, and modulation method are required.
Selection of RF communication specifications
Communication channels that pass through the human body are heterogeneous, anisotropic, and lossy [5] . The permittivity and the conductivity of human organs and tissues change depending on the frequency, unlike in a normal dielectric structure.
The permittivity is high in the low-frequency band, but the conductivity is high in the highfrequency band. This means that the attenuation is high in the high-frequency region and significant signal distortion can occur in low-frequency region. The intrinsic impedance of the human body is calculated as follows;
where the dielectric constant is 8.85×10
-12 F/m and the permeability constant is 4π×10 -7 H/m. The intrinsic impedance of the human organ is roughly 100 Ω. A comparison of relevant characteristics for different transmission frequencies is provided in Table 1 . [6] . If the antenna radius is 0.5 cm and the surface area is 3.14 cm 2 then the maximum transmission power is 12.56 mW. The modulation method is selected the FSK for small size transmitter, because its circuit is simple and constant envelope characteristic is good.
The loss of RF signals occurs in the human body due to the attenuation in body tissues and the reflection at the boundary of tissues. The attenuation is determined from the angular frequency ω, the permittivity ε, the conductivity σ, and the permeability μ as follows [7, 8] ;
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The Figure   Y53 -03W in Figure  1 .344 nH ADS (adise wasated as 15 The size of the transmitting antenna needs to be small and its communication bandwidth wide for the antenna to be used for a capsule endoscope. The monofilar antenna, a planar spiral antenna with a helical structure, is proposed to secure small size and wide bandwidth. Computer simulation that determines the antenna structure for achieving the optimum radiation efficiency is performed using HFSS (Ansoft, USA). The maximum radiation efficiency according to the line width, number of turns, spiral increment, initial radius, radius increase rate, and thickness of substrate is simulated with a dielectric constant 3.38 and a thickness of 3 mm. The specifications of the optimized small monofilar antenna are listed in Table 3 .
Experiments and results

Implemented proposed system
To perform the wireless transmission experiments, the proposed system that includes the designed transmitter and the antenna, shown in Figure 4 , were implemented. The implemented capsule endoscope has a VGA grade CMOS image sensor (PO2030N, Pixelplus), a CPLD controller (XCR3064, Xilinx) and battery. The size of the implemented capsule is 12 mm (diameter) and 27 mm (length).
The diameter and the thickness of implemented transmitter are 10 mm and 1.6 mm respectively. The specifications of the implemented transmitter shown in Figure 3 are listed in Table 4 .
The output power of the implemented transmitter was 0.5 dBm. The phase noise of the transmitter measured at 100 kHz offset is -106 dB/Hz, and its harmonic suppression is -28.83 dBc, as shown in Figure 4 and listed in Table 4 . The modulated output spectrum and the received signal are shown in Figure 5 , for the input signal rate of 20 Mbps. The frequency variation of the implemented transmitter is 20 MHz and its power variation is 0.6 dB, as shown in Figure 5 (a). The received signal is restored same signal as the transmitted signal in Figure  5 (b).
The implemented planar small monofilar antenna is fabricated by an etching method of accuracy 0.1 mm. The material of the antenna was RT/duroid 6002 laminate (Rogers, USA), and the thickness of the board is 3 mm. The thickness of the conductor is 0.017 mm, and the permittivity and the dielectric loss tangent are 2.94 and 0.0012 respectively. The radiation pattern and the gain of the implemented antenna are measured in the electromagnetic shielding chamber. The measured and simulated radiation patterns are shown in Figure 6 .
The measured radiation pattern is almost the same as the simulated pattern. The measured gain of the implemented planar structure small monofilar antenna was -8.92 dB.
In-vivo experiments and results
The in-vivo experiments were performed to verify the proposed system in the animal laboratory at Yonsei University. The implemented capsule that includes the proposed system shown in Figure 3 (c) was inserted into the esophagus of a swine, which was anesthetized. The restored images from the invivo experiment are shown as Figure 7 .
Discussion and conclusion
In this paper, the RF communication system is proposed for VGA capsule endoscope. The MPE, attenuation of human body, permissible transmitting output power, power consumption, and antenna gain are considered during the design stage of the proposed system. The communication frequency is selected as 1.2 GHz on the basis of RF signals in human body as well as the size of the antenna. The selected antenna type is the planar-structure small monofilar antenna according to the size of antenna and bandwidth of communication. The proposed transmitter and antenna are designed and verified through computer simulations. The output power of the implemented FSK transmitter is 0.5 dBm, and the measured antenna gain is -8.92 dB.
To verify the proposed system, several fundamental experiments were performed using the implemented transmitter and antenna. From the results of experiments, it was verified that the implemented system exhibits satisfactory efficiency and performance. Animal in-vivo experiments were performed to verify the VGA image transmission. The implemented VGA capsule endoscope with the proposed transmitter and antenna transmitted high-quality VGA images at the rate of 1.4 frames per second. These images are of better quality and bigger size than the images obtained with existing commercial capsule endoscopes such as PillCam and MiroCam.
The proposed techniques have sufficient merit for implementing the communication system in the medical device. If the circuit of the proposed transmitter can be fabricated on a single chip, then the size and the power consumption of the device can be further reduced. Once these present limitations are overcome, the capsule endoscope will be used more widely in the field of diagnosis.
